ABSTRACT. The vegetation in a retrogressive thaw slump, first surveyed and documented in 1987, was revisited 10 years later to investigate its subsequent development and to test a chronosequence-based successional model. The thaw slump stabilized in 1994, when the headwall became covered by organic and mineral debris. As a result, the meltwater supply from headwall ablation ceased. Alteration of environmental conditions due to stabilization of the headwall diverted the vegetation succession from the chronosequence determined in 1987. Areas that were marshy in 1987 dried up, and an area dominated by Polygonum alaskanum appeared close to the headwall. Much of the thaw slump was dominated by Salix spp. in 1997, rather than the Equisteum of 1987. However, the ground more than 200 m from the headwall, over a decade old in 1987, experienced less change in edaphic conditions, and the communities there continued to develop a structure approaching the surrounding undisturbed forest.
INTRODUCTION
Retrogressive thaw slumps are characteristic geomorphological features of northern permafrost terrain. They are composed of a relatively steep (20˚-90˚) headwall of ice-rich permafrost and a more gentle (3˚-10˚) foot slope of thawed material (Burn and Lewkowicz, 1990; Fig. 1) . As permafrost in the headwall melts, soil falls onto the foot slope, producing a bare soil surface that can subsequently be colonized by plants ab initio or from residual clumps of vegetation that have survived the descent to the foot slope. A chronosequence of vegetation development may be defined on the foot slope if the time since initiation of revegetation can be determined from aerial photographs and field surveys.
In 1987, Burn and Friele (1989) documented the vegetation pattern at a retrogressive thaw slump that had been initiated in 1949 near Mayo, Yukon Territory, Canada. They identified six vegetation units in the thaw slump that were distinct from the vegetation of the surrounding undisturbed forest and hypothesized that these units represented a chronosequence, with those closest to the headwall being the youngest surfaces. Burn and Friele (1989) also examined the vegetation community in a stabilized thaw slump nearby, approximately 43 years after disturbance. They noted that all the important constituents of the undisturbed forest surrounding the thaw slump had become established in the stabilized slump.
The active thaw slump continued to develop until 1994, when the headwall was stabilized by organic debris and mineral sediment covering and insulating the exposed face. Stabilization of the headwall induced a physically significant change in the hydrology of the foot slope, as the meltwater supply was terminated, altering soil moisture conditions. This paper reports a vegetation survey conducted in 1997 to provide a longitudinal examination of the chronosequence-based successional sequence hypothesized by Burn and Friele (1989) . While there are considerable data on primary succession in boreal flood plains and tundra environments (e.g., Viereck, 1970; Lambert, 1972; Gill, 1973; Billings and Peterson, 1980; Ovenden, 1986) , less is known about sequences developed on disturbances in the ice-rich terrain of the boreal forest. No other published reports of long-term vegetation succession in thaw slumps are known to the authors. Understanding the rate and composition of vegetation sequences during primary succession is of assistance in managing restoration of artificially disturbed sites (e.g., Cargill and Chapin, 1987; Wilson et al., 1996) . STUDY AREA Mayo (63˚35'N 135˚35'W; 504 m a.s.l.) is located in the boreal forest of central Yukon Territory and in the widespread discontinuous permafrost zone (Heginbottom et al., 1995) . The climate at Mayo is subarctic continental, with a mean annual temperature of -3.6˚C and an annual precipitation of 360 mm (Environment Canada, 1993) . The study area is 3 km upstream from Mayo on the Stewart River, in glaciolacustrine sediments deposited at the end of Late Wisconsinan McConnell glaciation (Bostock, 1966; Hughes, 1983) . These sediments are ice-rich, and the area contains several thermokarst lakes (Burn and Smith, 1990) . The forest at undisturbed sites in the study area is dominated by white spruce (Picea glauca), with black spruce (P. mariana) and paper birch (Betula papyrifera) also common in the region. The mean annual ground temperature beneath the undisturbed forest presently ranges between -2.4˚ and -1.4˚C (Burn, 1998; Smith et al., 1998) , and the active layer is between 0.6 m and 1.0 m thick (Leverington, 1995) .
FIELD METHODS
Fieldwork was carried out in July and early August 1997 using the same methods as Burn and Friele (1989) . Six vegetation units within the slump were visually delineated by their homogeneity, labeled with their dominant species, and mapped by plane table (Fig. 2) . The units were mapped without reference to the 1987 survey (Fig. 3) . The age of each unit was determined from ground surveys conducted during most summers between 1987 and 1994, and from mappings presented by Burn and Friele (1989) . The vegetation communities in the undisturbed forest and stabilized thaw slump were not sampled in 1997, as there had been little distinction between them in 1987, and the focus of the study was the development of vegetation in the active slump. No forest fires or other major environmental changes had occurred near the thaw slump between 1987 and 1997, and the undisturbed forest community on three sides of the slump was assumed not to have changed.
The nested plot technique was used to determine appropriate plot sizes for describing the species composition and abundance in each unit (Mueller-Dombois and Ellenberg, 1974; see Table 1 ). Three sampling plots were randomly located within each unit. Within each plot, ground-cover estimates for each species were recorded using the Braun-Blanquet cover-abundance scale (MuellerDombois and Ellenberg, 1974) . Data obtained from the three sample plots within each unit were averaged to obtain a single cover-abundance value for each species in the unit. Species nomenclature followed Porsild and Cody (1980) and Cody (1996) . Within the unit adjacent to the headwall, remnant islands of vegetation from the undisturbed forest, which had fallen or slid down the headwall, were demarcated and excluded from the sampling plots. These islands covered about 25% of the area in this unit. Remnant islands could no longer be defined in other units. Table 1 presents the species lists compiled in 1987 and 1997, assembled for comparison, listed by vegetation unit, and grouped by growth form.
Data Analysis
The structure of statistical variation in the data presented in Table 1 was examined by detrended correspondence analysis (Ter Braak and Prentice, 1988; Ter Braak, 1995) . Analyses were conducted separately on data from 1987 and 1997, using a routine described by Benzécri (1992) , which was downloaded from the Internet (http:// www.xlstat.com). The Braun-Blanquet cover-abundance data were used directly in the analyses, allocating a value of 0.5 for species with few individuals and 0.1 for species represented by solitary specimens, respectively + and r on the Braun-Blanquet scale. The statistical tests were repeated with data sets from which species that appeared in only one or two units were omitted. The results were not materially different from those obtained with the full sets, which are presented below. Data collected in 1987 included assessment of the vegetation communities in the undisturbed forest and stabilized slump, and these communities are included in the analysis for 1987 (see Burn and Friele, 1989, Table 3 ). Similar data were not available for 1997, but since these communities appear to have changed little, the data for 1987 from these units were used in the analysis for 1997.
RESULTS
Vegetation units mapped in 1987 and 1997 are presented in Figures 2 and 3. In 1987, the six units ranged in age from 0 -1 year (active unit) to 12 -15 years (Salix/ Betula unit); in 1997, the unit ages ranged from 4 -7 years (Equisetum unit) to 22 -25 years (Salix/Betula unit) ( Table 1 ). The sizes of sample plots in the units of age 5 -13 years declined, indicating that the plant cover there had become more uniform over the decade. Characteristics of the vegetation units delineated in 1997 are provided below.
Equisetum (Unit 1: 4 -7 Years Old)
Comparison of Figures 2 and 3 indicates that the area occupied by this unit was part of the undisturbed forest in 1987. The unit was adjacent and parallel to the headwall and was the wettest environment in the slump above the flood plain of the Stewart River, with many puddles. Equisetum arvense was the dominant species, covering 25 -50% of the area. The abundance of Equisetum arvense, the scarcity of most other herbs, and the lack of sub-shrubs were due in part to the moist environment. Only one subshrub (Ribes hudsonianum) was identified, and the lone specimen was less than 10 cm tall. All Salix colonizers in this unit were 50 -60 cm tall at most.
Polygonum (Unit 2: 5 -10 Years Old)
The area of this unit, like that of the Equisetum unit, was part of the undisturbed forest in 1987 (Figs. 2 and 3 ). In 1997, it was located adjacent to the headwall, in an area where the slope was quite steep (30˚) with no apparent vegetation islands on or around it. Polygonum alaskanum was the visually dominant species because of its size, but Cinna latifolia covered more ground. The presence of both species indicated a drier environment that supported the relatively abundant Betula saplings.
Equisetum/Salix (Unit 3: 8 -13 Years Old)
In 1987, the area occupied by this unit was encompassed by the Funaria unit and part of the Equisetum/Salix unit. In 1997, the unit appeared more mature than the Equisetum unit (#1): the Salix were largely shrubs (1.5 m tall), there were more sub-shrubs, and Cinna latifolia was abundant, indicating drying of the area in the Funaria unit since 1987.
Salix (Unit 4: 13 -25 Years Old)
This unit included areas that had been part of the Equisetum/Salix and Equisetum units in 1987. The effects of the cessation of slumping were evident in the disappearance of marshes that had covered a large portion of this unit in 1987. The abundance of Equisetum (Table 1) indicated that the environment had remained moist, while the Salix shrubs shaded the ground.
Salix/Picea (Unit 5: 21 -32 Years Old)
This area is the oldest part of the slump floor and was mapped in 1987 as part of the Equisetum unit. Proximity to the river has kept parts of it moist. In 1997, it supported a variety of Salix species and contained mature Picea glauca. The presence of Shepherdia canadensis and Vaccinium vitisidaea in 1997 indicated progressive reestablishment of ground vegetation characteristic of the surrounding forest.
Salix/Betula (Unit 6: 22 -25 years old)
This unit was mapped in the same terrain in 1987. The site is separated from the main foot slope by a ridge of dry ground that may have served to protect vegetation islands from being moved away by mud flows, hence allowing them to reestablish. This protection, in combination with proximity to the undisturbed forest, probably accelerated the reestablishment of the forest vegetation. Floristically, this unit most closely resembled the undisturbed forest. Picea glauca was more abundant in this unit than in any other. The abundance of Shepherdia canadensis and Vaccinium vitis-idaea had increased since 1987, and that of Equisetum arvense had decreased. Changes in cover of these three species in particular indicated evolution towards the flora of the surrounding forest.
Ordination
Figures 4 and 5 present ordination diagrams, based on detrended correspondence analysis of the species abundances in Table 1 and data for the stabilized slump and undisturbed forest from 1987 (Burn and Friele, 1989 , Table 3 ). The first two axes identified by the analyses and displayed on the diagrams account for the majority of variation in the data, 72% in 1987 and 68% in 1997. For the 1987 data, the horizontal axis is associated with variation in the herb population, while the vertical axis is associated with variation in sub-shrub and shrub/sapling composition. In addition, the horizontal axis discriminates between the units on the basis of age, indicating the successional sequence. Units 7 (stabilized slump) and 8 (undisturbed forest) are proximal on Figure 4 , in agreement with the conclusion reached by Burn and Friele (1989) that the vegetation community in the stabilized slump is similar to that of the surrounding mature forest. Figure 4 indicates that in 1987 the vegetation communities in units 2, 3 and 4 were discriminated by the herb flora, while separation of the Equisetum/Salix, Equisetum and Salix/Betula units (4, 5, and 6) was made on the basis of sub-shrubs and shrubs. The separation of units 4, 5, and Figure 5 indicates a different pattern for analysis of 1997 data. The three principal differences from Figure 4 are the divergence of the Polygonum unit (2) from the other units; the placement of unit 6 in a cluster with units 7 and 8; and the fact that neither axis is associated with particular growth forms. The separation of the Polygonum unit from the others indicates alteration of succession due to edaphic conditions, while the position of unit 6 with units 7 and 8 indicates the appearance of the vegetation community of the undisturbed forest in the thaw slump 25 years after disturbance. While the horizontal axis in Figure 5 discriminates sites on the basis of age, the vertical axis is inversely associated with the moisture content of the substrate. Table 2 summarizes the diversity of the vegetation communities in the thaw slump. There has been little change in the total number of species found in the slump (46 in 1987; 43 in 1997) , but this statistic masks the decline in variety of herbs and sub-shrubs in most units. For units of similar age, i.e., Senecio (#3) of 1987 and Equisetum (#1) of 1997, Equisetum (#5) of 1987 and Equisetum/Salix (#3) of 1997, the number of herb species declined by about 40% over the 10 years between surveys and the number of sub-shrubs by a greater fraction. The variety of shrubs in the separate units has increased slightly. Overall, the number of herb and sub-shrub species recorded dropped from 36 to 31, while the number of tree and shrub species increased from 9 to 12.
DISCUSSION
Space-for-time substitution, the ergodic hypothesis, is commonly used in studies of plant succession because of the difficulty in obtaining long-term data from fixed plots (Pickett, 1989) . Inferring successional development from a chronosequence assumes that the study area is spatially homogeneous and that the environment has been stable throughout the time period of interest. In general, chronosequence-based studies of succession have not provided empirical support for these assumptions (e.g., Cooper, 1923; Crocker and Major, 1955) . Indeed, plants respond individualistically to climatic and other environmental factors that vary over both space and time, such as the availability of species propagules, so that the key assumptions of chronosequences are rarely, if ever, met (Gleason, 1927; Prach, 1994; Fastie, 1995; Mann et al., 1995; Klinger and Short, 1996) . Field and laboratory experiments by Chapin et al. (1994) and Fastie (1995) showed that the sequence of plant communities described by Cooper (1923) and Crocker and Major (1955) alaskanum was found in 1997. The Polygonum unit was located adjacent to the headwall, in an area where the slope was steep (30˚) with no apparent vegetation islands on or around it. This unit, in combination with an undisturbed Betula grove beyond the headwall, indicative of dry soil, suggested that the cessation of slumping in this area was due to exhaustion of ground ice, rather than to insulation of the headwall by fallen debris. These relatively dry conditions caused the difference in vegetation from the Equisetum unit, which is of similar age. In the main part of the foot slope, surface drying was characterized by a decrease in the abundance of Senecio congestus and Epilobium palustre, both species that prefer moist, open environments (Porsild and Cody, 1980) . Burn and Friele (1989) hypothesized that, with time, there would be redistribution in abundance of species towards those found in more mature communities. The more widespread appearance of Parnassia palustris, Erigeron acris, and Spiranthes romanzoffiana and the classification of unit 6 with units 7 and 8 on Figure 5 follow this suggestion. However, other herbs present in older units in 1987 were not observed in 1997 (Table 1) , and the herbs and sub-shrubs that were most abundant in 1997, i.e., Equisetum arvense, Cinna latifolia, and Epilobium angustifolium, had also been prominent in 1987 (Table 1) . Older units farther from the headwall all registered an increase in abundance of Picea and Salix in 1997. Burn and Friele (1989) recognized that soil moisture conditions could alter the vegetation succession locally. The present study shows that drier soils near the headwall have resulted in communities different from the successional sequence described in 1987, e.g., the Polygonum unit.
In summary, it appears that the sequence of species by which vegetation developed in the slump between 1987 and 1997 was determined by the availability of species propagules and the environmental conditions encountered by these propagules (cf. Gleason, 1927; Fastie, 1995) . In particular, cessation of the meltwater supply influenced species establishment and development. A Betula-dominated forest will likely establish itself on the foot slope, probably within 35 -50 years, and will eventually be replaced by a Picea-dominated forest like that existing in much of the area surrounding the slump. In 1997, Betula was sufficiently abundant to be recognized as a dominant species in the Salix/Betula unit. It remains to be seen, in 2007, whether the present chronosequence will guide further vegetation development, or whether continuing changes in environmental conditions and species availability will cause further alteration to the successional communities.
